TITLE OF THE INVENTION 
SURFACE ACOUSTIC WAVE DEVICE 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This is a Continuation Application of PCT 
Application No. PCT/JPOO/06920 , filed October 4, 2000^ 
which was not published under PCT Article 21(2) in 
English. 

This application is based upon and claims the 
benefit of priority from the prior Japanese Patent 
Application No. 11-283186, filed October 4, 1999, 
the entire contents of which are incorporated herein 
by reference. 

BACKGROUND OF THE INVENTION 
This invention relates to a surface acoustic wave 
device including surface acoustic wave elements 
connected in parallel. 

As is known, generally, a low loss and a steep 
out-of-band cutoff characteristic are required in 
a surface acoustic wave filter of a surface acoustic 
wave device used for mobile communication. 

For example, a multistage cascade-connected 
resonant filter is used as a surface acoustic wave 
element for a system that requires a steep filter 
characteristic since a low loss is considered to be 
important and adjacent channels are close to each other 
though its frequency band is wide, like a GSM (Global 
System for Mobile Communication) - IF (Intermediate 
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Frequency ) f ilter . 

In the multistage cascade-connected resonant 
filter, however, the number of stages needs to increase 
to secure steepness and thus a loss becomes large. 
5 In order to obtain a broad frequency band, tuning is 

needed between the stages of the respective resonant 
filters. The resonant filter is therefore difficult to 
mount . 

Another structure of the surface acoustic wave 

10 filter is disclosed in, for example, Jpn. Pat. Appln. 

KOKAI Publications Nos. 62-43204 and 9-214284. In the 
surface acoustic wave filters of these publications, 
the frequency band can be broadened by frequency 
intervals of a multiplex mode of a resonator in each 

15 stage. 

However, there is a limit to widen the passband of 
the above filters since multiple resonance frequency 
intervals chiefly depend upon the electromechanical 
coupling coefficient proper to a piezoelectric 

20 substrate. Unless the phase of an unnecessary 

higher-order mode outside the frequency band of the 
mode is set opposite to that of a resonant filter on 
the other party, the unnecessary higher-order mode 
cannot be suppressed. For this reason, the in-band 

25 characteristic cannot be designed virtually under the 

control of the out-of-band characteristic. The filters 
are therefore limited to their use. 
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In order to provide directivity with the 
propagation characteristic of a surface acoustic 
wave, a surface acoustic wave filter using a surface 
acoustic wave element R (Resonant) SPUDT (Single Phase 
5 Uni-Directional Transducer) has recently been used 

widely since it is high in flexibility of design low 
in loss, and easy to miniaturize. In the surface 
acoustic wave element RSPUDT, SPUDTs of comb electrodes 
formed in a unidirectional electrode structure are 

10 arranged such that the main propagation directions of 

excitation waves are opposed to each other • 

In this type of surface acoustic wave filter, 
however, the internal reflection of an electrode finger 
is positively used in order to achieve a unidirectional 

15 property. Both the bandwidth and skirt characteristic 

of the filter depend upon the ratio of a forward 
unidirectional electrode to a backward unidirectional 
electrode, the reflection factors thereof, and the 
number of electrode fingers. Therefore, there is a 

20 limit to designing the bandwidth and the skirt charac- 

teristic independently of each other. In particular, 
it is difficult to make a broad bandwidth and a steep 
skirt characteristic compatible with each other. 
The present invention has been developed in 

25 consideration of the above situation and its object is 

to provide a surface acoustic wave device that requires 
a low loss, a broadband, and a steep skirt 
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characteristic • 

BRIEF SUMMARY OF THE INVENTION 
A surface acoustic wave device according to the 
present invention comprises two or more transducers 
5 formed on a piezoelectric substrate and including 

a plurality of regions, each of the regions having a 
pair of comb electrodes whose surface wave propagation 
directions are opposite to each other, wherein at least 
two of the transducers are connected in parallel to 

10 each other. 

The present inventors found that the frequency 
characteristics of a transducer, especially an interval 
between resonance points are varied by varying the 
ratio of a forward-direction SPUDT region to a 

15 backward-direction SPUDT region in the transducer (the 

ratio of the number of electrode fingers in the former 
SPUDT region to the number of electrode fingers in the 
latter SPUDT region). 

In other words, the surface acoustic wave element 

20 using a transducer having an RSPUDT structure performs 

an intermediate operation between a known so-called 
transversal filter and a resonant filter, forms a 
resonant cavity whose end portion corresponds to the 
boundary between the forward-direction and backward- 

25 direction SPUDT regions in the transducer, shows 

a multiplex mode resonant frequency characteristic, 
and has a plurality of peaks (resonance points) on 



- 5 - 



the frequency-amplitude characteristic. 

In the filter with the RSPUDT structure, the 
resonant cavity length varies with the variation of 
the ratio of the number of electrode fingers of the 
5 forward-direction SPUDT in the transducer to the number 

of electrode fingers of the backward-direction SPUDT 
therein* Consequently, the resonant point on the 
frequency axis changes. It was found that the interval 
between the resonance points was expanded if the number 

10 of electrode fingers of the forward-direction SPUDT 

region of a transducer having an RSPUDT structure 
formed on a 45"" X-Z lithium tetraborate {Li2B407 : 
LBO) piezoelectric substrate was increased (if the 
ratio of the forward-direction SPUDT region was 

15 increased) . With respect to the details of this 

respect, please see 1999 IEEE Ultrasonics Symposium 
Proceeding Vol. 1 pp 351 to 356. 

Using this phenomenon, two (or more) RSPUDTs are 
connected in parallel and opposite phase, the resonance 

2 0 points of both the RSPUDTs are arranged on the 

frequency axis preferably at regular intervals to 
constitute a filter, and the outputs of the filter are 
subjected to impedance matching. A combined broad- 
passband characteristic can thus be obtained from the 

2 5 frequency characteristics of the two RSPUDTs. In this 

time, a desired passband characteristic can be achieved 
by controlling an interval between resonance points of 



the RSPUDTs* The interval can be controlled only by 
changing the ratio of the number of electrode fingers 
between the forward-direction SPUDT and the backward- 
direction SPUDT, It is thus possible to arrange the 
width of the passband relatively freely by slightly 
changing a design of the electrodes. 

If one of the transducers connected in parallel 
has resonant frequencies of Fll, Fcl and Ful and the 
other transducer has resonant frequencies of F12^ Fc2 
and Fu2, these resonant frequencies are expressed as 
follows : 

Fll < F12 < Fc2 < Fcl < Ful < Fu2 • 
Since, therefore, the phases of a low frequency 
close to the resonant frequency Fll and a high 
frequency close to the resonant frequency Fu2 are kept 
opposite to each other, the passband characteristics 
of both the transducers are cancelled out each other, 
A steep skirt characteristic can thus be achieved as 
an out-of-band characteristic ♦ 

The phases of the resonant frequencies Fll and F12 
are opposite to each other, the phases of the resonant 
frequencies Fcl and Fc2 are opposite to each other, and 
the phases of the resonant frequencies Ful and Fu2 are 
opposite to each other. A frequency band can thus be 
broadened. 

The respective intervals of at least four of 
resonant frequencies Fll, Fcl, Ful, F12, Fc2 and Fu2, 
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are almost equal to each other. A frequency band can 
thus be broadened. 

The insertion losses of at least four of resonant 
frequencies Fll, Fcl, Ful, F12, Fc2 and Fu2 are almost 
5 equal to each other. A frequency band can thus be 

broadened irrespective of the frequencies. 

Both of the transducers connected in parallel are 
formed on a single chip. 

The transducers connected in parallel are formed 
10 on different chips. 

Additional objects and advantages of the invention 
will be set forth in the description which follows, and 
in part will be obvious from the description, or may 
be learned by practice of the invention. The objects 
15 and advantages of the invention may be realized and 

obtained by means of the instrumentalities and 
combinations particularly pointed out hereinafter. 
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
The accompanying drawings, which are incorporated 
20 in and constitute a part of the specification, 

illustrate presently preferred embodiments of the 
invention, and together with the general description 
given above and the detailed description of the 
preferred embodiments given below, serve to explain 
25 the principles of the invention. 

FIG. 1 is a view explaining and showing one 
embodiment of a surface acoustic wave device according 
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to the present invention; 

FIG. 2 is a plan view explaining and showing one 
example of a comb electrode structure of an SPUD 
according to the embodiment of the present invention; 
5 FIG. 3 is a table explaining and showing a phase 

relationship of resonance frequencies of two surface 
acoustic wave filters according to the embodiment of 
the present invention; 

FIG. 4 is a table explaining and showing another 
10 phase relationship of resonance frequencies of the two 

surface acoustic wave filters according to the 
embodiment of the present invention; 

FIG. 5 is a graph explaining and showing 
a frequency characteristic of the surface acoustic 
15 wave device according to the embodiment of the present 

invention; 

FIG. 6 is a diagram explaining and showing surface 
acoustic wave devices as comparative examples of 
the surface acoustic wave device according to the 
2 0 embodiment of the present invention; 

FIG. 7 is a graph explaining and showing 
a frequency characteristic of each of the surface 
acoustic wave devices of the comparative examples; 

FIG. 8 is a graph explaining and showing another 
25 frequency characteristic of each of the surface 

acoustic wave devices of the comparative examples ; 

FIG. 9 is a graph explaining and showing a 
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frequency characteristic of one of the surface acoustic 
wave filters of the surface acoustic wave device 
according to the embodiment of the present invention; 
FIG. 10 is a graph explaining and showing a 
5 frequency characteristic of the other surface acoustic 

wave filter of the surface acoustic wave device 
according to the embodiment of the present invention; 

FIG. 11 is a graph explaining and showing a 
combination of the frequency characteristics of the two 
10 surface acoustic wave filters of the surface acoustic 

wave device according to the embodiment of the present 
invention; 

FIG. 12 is a block diagram explaining and 
showing the surface acoustic wave device according 
15 to the embodiment of the present invention, to which 

an external circuit is connected; 

FIG. 13 is a graph explaining and showing 
a simulated frequency characteristic of the surface 
acoustic wave device according to the embodiment of 
2 0 the present invention, to which the external device is 

connected; and 

FIG. 14 is a graph explaining and showing the 
actual frequency characteristic of the surface acoustic 
wave device according to the embodiment of the present 
25 invention, to which the external device is connected. 

DETAILED DESCRIPTION OF THE INVENTION 
One embodiment of this invention will now be 



- 10 - 



described in detail with reference to the drawings. 
In FIG. 1, reference numeral 1 indicates a surface 
acoustic wave device. 

The surface acoustic wave device 1 is so 
5 constituted that a surface acoustic wave filter A of 

a first surface acoustic wave element and a surface 
acoustic wave filter B of a second surface acoustic 
wave element are connected in parallel on the same 
chip. 

10 The surface acoustic wave filters A and B are each 

constituted of two of RSPUDTs 5, 9, 13 and 16 arranged 
in the main propagation direction of a surface acoustic 
wave. Assuming that the right traveling direction of 
a surface acoustic wave (SAW) in FIG. 1 is a forward 

15 direction and the left traveling direction thereof is 

a backward direction for the sake of convenience^ the 
RSPUDTs include forward SPUDTs 3, 8, 11 and 15 for 
transmitting the SAW in the forward direction and 
backward SPUDTs 4, 7, 12 and 14 for transmitting the 

2 0 SAW in the backward direction. 

FIG. 2 shows an example of an SPUDT electrode 
structure. A pair of bus bars is formed on a piezo- 
electric substrate 10. An electrode finger 3a with 
a width of 1/8 {X is a wavelength of the surface wave) 

2 5 connected to one of the bus bars, and an electrode 

finger 3b with a width of 3X/8 and an electrode finger 
3c with a width of X /8 both are connected to the other 



bus bar are combined with each other into a comb 
electrode structure • 

In the comb electrode structure, the phase 
relationship between an excitation wave and an internal 
reflection wave generated from an end portion of the 
electrode varies from the right direction to the left 
direction in FIG. 2. With the phase relationship, the 
excited surface acoustic wave is strengthened in one 
direction and weakened in the backward direction, with 
the result that a unidirectional property can be 
obtained. 

In the present embodiment, two comb electrode 
structures into which the above comb electrode 
structure is folded symmetrically are arranged to 
constitute a single transducer. The RSPUDT structure 
is obtained accordingly. 

The forward SPUDT and the backward SPUDT shown in 
FIG. 1 are constituted as one transducer having comb 
electrodes connected to a common bus bar. The 
electrodes are arranged symmetrically with regard to 
the boundary between the forward and backward SPUDTs. 

In the present embodiment, the symmetric 
arrangement is not perfect. For example, the number of 
electrode fingers of the forward SPUDT and that of 
electrode fingers of the backward SPUDT do not always 
correspond to each other. As will be described later, 
the ratio of the number of electrode fingers between 
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the forward and backward SPUDTs can be varied with a 
demanded characteristic. 

One transducer need not be necessarily constituted 
of a single pair of forward and backward SPUDT regions. 
Some forward and backward SPUDT regions can be arranged 
in one transducer. 

In constituting a filter in actuality, a desired 
filter characteristic is achieved by weighting the 
surface acoustic wave elements using a directional 
property. In many cases, the arrangement of forward 
and backward SPUDTs is more complicated. Therefore, 
the present invention is not limited to the RSPUDT 
structure shown in FIG. 1 but can be applied to such 
a complicated RSPUDT structure. 

The filters A and B include a resonant cavity 
whose end coincides with the boundary between the 
forward and backward SPUDTs and perform an intermediate 
operation between a transversal filter and a resonant 
filter. If, in this structure, the ratio of electrode 
fingers constituting the forward SPUDT in the 
transducer to those constituting the backward SPUDT 
therein is varied, the length of the resonant cavity is 
varied. As a result, an interval between resonant 
modes of these filters is changed. 

The above-described surface acoustic wave filters 
A and B each have a triple-mode resonant frequency. 
Assuming that the resonant frequencies of the surface 



- 13 " 



acoustic wave filter A are Fll, Fcl and Ful and those 
of the surface acoustic wave filter B are F12^ Fc2 and 
Fu2, the resonant frequencies are expressed as follows: 

Fll < F12 < Fc2 < Fcl < Ful < Fu2 

As shown in FIGS. 3 and 4, the phase of the 
resonant frequency Fll is opposite to that of the 
resonant frequency F12, the phase of the resonant 
frequency Fcl is opposite to that of the resonant 
frequency Fc2, and the phase of the resonant frequency 
Ful is opposite to that of the resonant frequency Fu2 . 

Furthermore, the resonant frequencies Fll, Fcl, 
Ful, F12, Fc2 and Fu2 are set in such a manner that 
the respective intervals between at least four resonant 
frequencies are almost equal to each other and the 
insertion losses of at least four resonant frequencies 
are almost equal to each other. 

A total of six resonant modes consisting of three 
resonant modes of the surface acoustic wave filter A 
and three resonant modes of the surface acoustic wave 
filter B are coupled together. One large frequency 
band can thus be created as illustrated in FIG. 5. 

Since the phases of the surface acoustic wave 
filters A and B are opposed to each other outside but 
near the frequency band, the amounts of attenuation are 
canceled out each other, and the steepness of a skirt 
characteristic increases more than that in the surface 
acoustic wave filter A or B alone. If, in this state, 
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the insertion loss levels of the filters A and B are 
equal to each other, the amounts of attenuation become 
infinite in the vicinity of the frequency band. 

FIG. 6 illustrates a surface acoustic wave device 
5 21 including resonant filters connected in parallel and 

opposite phase, as a comparative example of the surface 
acoustic wave device 1 shown in FIG. 1. 

More specifically, the surface acoustic wave 
device 21 includes a surface acoustic wave filter A of 
10 a first surface acoustic wave element and a surface 

acoustic wave filter B of a second surface acoustic 
wave element. These filters A and B are connected in 
parallel to each other on the same chip. 

The surface acoustic wave filter A includes an IDT 
15 (Inter Digital Transducer) 25 connected to an input 

terminal 22 formed on a piezoelectric substrate 20 and 
an IDT 2 9 connected to an output terminal 26 formed on 
the piezoelectric substrate 20. 

The IDT 25 is constituted of comb electrodes 23 
20 and 24 crossing each other. The IDT 29 is constituted 

of comb electrodes 2 7 and 28 crossing each other. 

The surface acoustic wave filter B includes an IDT 
33 connected to the input terminal 22 formed on the 
piezoelectric substrate 2 0 and an IDT 36 connected to 
25 the output terminal 2 6 formed on the piezoelectric 

substrate 20. 

The IDT 33 is constituted of comb electrodes 31 
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and 32 crossing each other. The IDT 36 is constituted 
of comb electrodes 34 and 35 crossing each other. 

Each of the surface acoustic wave filters A and B 
has a reflector 37 on either side thereof. 
5 Each of the surface acoustic wave filters A and B 

has a double-mode resonant frequency characteristic. 
Even though the resonant frequencies of the surface 
acoustic wave filter A are Fll and Ful and those of the 
surface acoustic wave filter B are Fl2 and Fu2, the 
10 frequency characteristic depends only upon the coupling 

constant and reflectance of the substrate. Unlike the 
surface acoustic wave device 1 shown in FIG. 1, the 
device cannot achieve any broadband filters as shown in 
FIG. 7 or 8. 

15 In the foregoing embodiment, the surface acoustic 

wave filters A and B are formed on the same chip. 
If, however, these filters are formed on their 
different chips, the same advantage can be obtained. 
Since the RSPUDT structure is adopted, the 

20 out-of-band characteristic can freely be designed by 

controlling the excitation of the IDT or the reflection 
distribution by a weight function. The flexibility of 
the design can be improved more greatly than that in 
the surface acoustic wave device 21 including resonant 

2 5 filters connected in parallel and opposite phase. 

In other words, the device including two acoustic 
surface wave filters can achieve a broader band than a 
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device including a single acoustic surface wave filter, 
and obtain a steep skirt characteristic. The band 
characteristic and out-of-band characteristic can 
freely be designed, and the size of the device can be 
5 decreased. 

The following are experimental results of surface 
acoustic wave filters A and B each having two RSPUDTs 
that are formed of an aluminum (Al) film on the same 
piezoelectric substrate as an LBO substrate on which 
10 a 210-MHz PCS (Personal Communications System) - IF 

filter is formed. 

FIG. 9 shows a 50- Q frequency characteristic of 
the surface acoustic wave filter A, and FIG. 10 shows 
a 50- Q frequency characteristic of the surface 
15 acoustic wave filter B. 

FIG. 11 shows a frequency characteristic of 
a combined waveform of the surface acoustic wave filter 
A with the frequency characteristic shown in FIG. 9 and 
the surface acoustic wave filter B with the frequency 
20 characteristic shown in FIG. 10. 

FIG. 12 illustrates the surface acoustic wave 
device 1 whose input side is connected to an external 
circuit including a resistor Rl, a capacitor CI and 
an inductor LI and whose output side is connected to 
25 an external circuit including a resistor R2 , a 

capacitor C2 and an inductor L2 to perform matching. 
If matching is performed as shown in FIG. 12, 



the simulation of the surface acoustic wave device 1 
is given as shown in FIG. 13 and the same frequency 
characteristic as that shown in FIG. 11 can be 
obtained. 

The actual results correspond to the frequency 
characteristic as shown in FIG. 14. The same results 
as the simulation shown in FIG. 13 can be produced. 

In the above embodiment, LBO is used for the 
piezoelectric substrate. However, the same advantage 
can be obtained even if another piezoelectric substrate 
is used. 

In the foregoing embodiment, an experiment was 
carried out on an IF filter that requires tuning in an 
external circuit. However, the same advantage can be 
produced from a pure-50-Q driving RF (Radio Frequency) 
filter. 

The present invention is not limited to the above 
embodiment. Various changes and modifications can be 
made without departing from the scope of the subject 
matter of the claimed invention. 

According to the foregoing present invention 
described in detail, a band characteristic is generated 
from the frequency characteristic of an RSPUDT 
including a pair of SPUDTs that are so arranged that 
their propagation directions be opposite to each other. 
The SPUDTs have a unidirectional electrode structure to 
provide a propagation characteristic with a directional 



property . 

The bandwidth can freely be controlled by varying 
the ratio of a comb electrode of an SPUDT having a 
propagation characteristic in the forward direction to 
a comb electrode of an SPUDT having a propagation 
characteristic in the backward direction, or by varying 
the resonant cavity if the bandwidth falls within a 
trap defined by the logarithm of the comb electrodes. 
A steep skirt characteristic can be obtained with a low 
loss and within a broad band. 

Additional advantages and modifications will 
readily occur to those skilled in the art. Therefore, 
the invention in its broader aspects is not limited to 
the specific details and representative embodiments 
shown and described herein. Accordingly, various 
modifications may be made without departing from the 
spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents. 



